Experimental investigation of ultrahigh vacuum adhesion as related to the lunar surface Annual report, 1 Jan. - 31 Dec. 1968 by unknown
JANUARY 1969 
https://ntrs.nasa.gov/search.jsp?R=19690007582 2020-03-12T07:25:05+00:00Z
Fourth Year Summary 
1 January 1968 Through 31 December 1968 
PREPARED BY 
J.A. RYAN 
PRINCIPAL INVESTIGATOR 
J.J. GROSSMAN 
CO-PRINCIPAL INVESTIGATOR 
SPACE SCIENCES DEPARTMENT 
RESEARCH AND DEVELOPMENT 
PREPARED FOR 
NASA OFFICE OF ADVANCED RESEARCH AND 
TECHNOLOGY UNDER CONTRACT NAS7-307 
APPROVED BY 
.t .,, 
\ I A.D.GOEDEKE 
CHIEF SCIENTIST 
COMPANY 
TERN DIVISION 
MCDONNELL DOUGL 
CORPORATION 
PREFACE 
This report  summarizes w o r k  performed during 1968 by the Space Sciences 
Department, McDonne11 Douglas Astronautics Company- - Western Division 
for  the National Aeronautics and Space Administration's Office of Advanced 
Research and Technology under Contract NAS7-307. The work consisted of 
an experimental investigation of ultrahigh vacuum adhesion as related to 
the lunar surface.  
... 
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Section 1 
INTRODUCTION 
1 . 1  GENERAL 
This report  presents a summary of work accomplished during the period 
1 January 1968 through 31 December 1968 on the study of the ultrahigh 
vacuum adhesional behavior of silicates as related to the lunar surface. This 
work w a s  conducted for the Office of Advanced Research and Technology, 
National Aeronautics and Space Administration, under contract NAS7-307. 
1 . 2  PURPOSES O F  PROGRAM 
The purposes of this program were (1) to obtain quantitative experimental 
data concerning the ultrahigh vacuum adhesional behavior of silicates in 
contact with other silicates and with various non-silicates (principally 
metals), (2) to achieve an understanding of the mechanisms responsible 
for the observed adhesion, and (3) to investigate techniques for reducing 
or eliminating the adhesion. 
1 . 3  APPROACH 
The approach used during this report  period has been (1) to cleave silicates 
a t  ultrahigh vacuum and contact these with sputtered and mechanically 
abraded metal  surfaces, (2 )  to measure the surface distribution of electro- 
static charge produced by ultrahigh vacuum cleavage of silicates and to obtain 
microchemical and microphysical profiles of vacuum-cleaved silicate sur-  
faces,  and (3) to investigate the effects of various gas types, upon adhesional 
phenomena. 
adhesional behavior of silicates in contact with metals with the various 
surface states which may be present during lunar missions. Approach 
(2)  serves  to provide information concerning the mechanisms which may 
be responsible for the observed surface charging, and approach (3 )  provides 
information concerning those gases which a r e  most  effective in reducing 
adhesion. 
Approach (1) serves  to provide information concerning the 
1 
1 . 4  ITEMS OF INTEREST 
Three papers were published during the past  year and two were presented. 
The publications a r e :  
J. Geophys. R e s . ,  - 73, 6061-6070, 1968; "Adhesion of Clean Surfaces,  
Science Journal, Sept. 1968; and !'Measurement of the Electrostatic Charge 
Distribution on Ultrahigh Vacuum Cleaved Silicate Samples, ' I  to appear in 
3. Vac. Sci. & Tech. ,  1969. The presentations were made at the Seventh 
Western National Meeting, Amer. Geophys. Union, Dec. 1968, San Francisco, 
Calif. , and at the Fifteenth National Vacuum Symposium, Oct. 1968, 
Pittsburgh, Pa. 
"Adhesion of Ultrahigh Vacuum Cleaved Silicates, 
2 
Section 2 
INSTRUMENTATION AND TECHNIQUES 
Major instrumentational changes were made during this past  year .  
changes were necessary in order to study the effects of surface state of 
metals upon the adhesion between metals and vacuum cleaved sil icates,  and 
to investigate the causal mechanisms for the observed silicate surface 
electrostatic charging. 
equipment to permit sputtering and mechanical abrasion of metal  surfaces 
and (2) fabrication of a second vacuum system with associated components 
fo r  measuring charge distributions on silicates and allowing controlled 
amounts of various gases to be introduced. 
These 
These changes consisted of (1) installation of 
2.1 SILICATE-METAL ADHESION AS A FUNCTION O F  METAL 
SURFACE STATE 
The system constructed fo r  studying this is shown in Figure 1.  
of the silicate sample to be cleaved w a s  extended and multiple cleavage 
notches added. 
clea-~ages tz be msdc .;r,dcr a variety of metal  sinface states without opening 
the system. 
used to measure adhesion force.  
a circular hole cut in a glass disk. 
disk. The purpose of these disks was to electrically insulate the metal  
sample from the vacuum system walls ,  which a r e  maintained at ground 
potential. A high voltage, insulated, lead wire was inserted into the metal  
sample. 
chamber wall. 
annulus colinear with the silicate sample, was attached to the device 
supporting the mechanical spring. 
sputter cleaning of the metal  surface. 
admitted to the system to several  microns pressure,  then a D. C. voltage of 
up to -2 KV was  applied to the metal  sample. 
The length 
The purpose of this modification was  to allow multiple 
The silicate sample w a s  suspended on a wire attached to a spring 
The metal  sample was press-fitted into 
The sample rested on a second glass 
This wire w a s  connected to a high-voltage feedthrough in the 
A second heavy wire,  whose lower end is shaped into an 
The function of these wires was to permit 
To do this, purified argon was 
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The argon supply system consisted of an argon tank, a purifying chamber and 
a variable leak. 
50 Z r  (atomic percent) chips through which the argon must  flow, and a heater 
to heat the chamber up to 800°C. 
chamber sufficed to effectively remove all C 0 2 ,  CO, N2, 02, H2, and H 2 0  
from the argon. The measured f ros t  point of the purified argon was -84°C 
which corresponds to only 0.15 ppm of H 2 0  impurity remaining. 
The purifying chamber contained a mixture of 50 Ti - 
Passage of the argon through the heated 
A high carbon steel  file w a s  mounted to the base of the cleavage chisel 
(Figure 1).  
surface. 
of this was to catch cleaved sections of the silicate sample so that they would 
not contact the metal  sample surface. 
This file w a s  utilized to mechanically abrade the metal  sample 
A small  pan w a s  mounted to the base of the anvil. The purpose 
The general procedure of operation w a s  a s  follows: 
-10 I 1 .  The system was evacuated to ultrahigh vacuum (10 to r r ) .  
2.  F o r  the sputter cleaning runs,  purified argon was then admitted 
to the system through a variable leak, with the ion pump off. 
The ion pump w a s  then turned on immediately after the completion 
of sputtering, the silicate cleaved (generally at system pres-  
sures  in the to r r  range), and adhesion measurements begun. 
3.  For  the abrasion cleaning runs, abrasion was begun, in some cases ,  
once system pressure reached the low to r r  range, in other 
cases a t  higher pressures  following the completion of a sputtering 
run. 
2 . 2  SURFACE CHARGING 
Two methods were considered for measuring the electrostatic charge dis- 
tribution on vacuum cleaved samples. 
of the integral of the current induced onto a metal  probe 
The first method was the measurement 
. 
Q = [idt 
using an electrometer amplifier. 
averaged over the probe surface. 
partly developed, was to measure the magnitude and direction of the 
This measures  the scaler charge density 
The second method, which has been 
5 
displacement of a metall ic sphere attached to the end of a wire a r m  (which 
acts  as a spring support) when the potential of the sphere is varied by an  
external variable voltage power supply. 
directions a r e  needed to find the vector force since the probe,as designed, 
had only two degrees of freedom. A variation of the first method, using a 
guarded electrometer probe, worked s o  well that fur ther  development of 
devices to measure the vector e lectr ic  field mechanically was postponed. 
Measurements from two orthogonal 
A stainless s teel  ultrahigh vacuum system was built for the surface charging 
experiments. 
500 l i t e r / s ec  sputter-ion pump. 
vacuum gage, a UHV bakeable vacuum valve for rough cryo-pumping of the 
system with sorption pumps, a window, a UHV variable leak, and a m a s s  
spectrometer a r e  connected to this manifold through sideports.  
manipulator system is attached to the front face of the manifold through a 
It consists basically of a 15 cm ID manifold connected to a 
A Bayard Alpert ionization gage, a mil l i torr  
The cleavage 
reducing flange. 
designed Cartesian c ros s  (Figures 2 and 3 ) .  
a t  right angles to one another so  that the sample can be viewed parallel  and 
perpendicular to its cleavage face.  
the electrometer probe reducing noise inevitably associated with moving the 
probe. 
chosen to be the system ground-potential. 
It is comprised of two standard c rosses  and one specially 
Two view ports  are disposed 
The sample rotates with respect to 
Charge was measured from an arbi t rary reference point which was 
The cleavage chisel  and anvil a r e  at right angles to the electrometer-crystal- 
window plane, and can be moved into position for  cleavage and then withdrawn 
for the measurements. 
to rs  i s  shown in Figure 2. 
The other two a r e  for the chisel  and anvil. 
A schematic of one of the three identical manipula- 
This manipulator is for the electrometer probe. 
These manipulators a r e  similar 
in design to those described in previous reports .  
The electrometer probe UHV electrical  feedthrough has a resistance to 
ground in excess of 10 
directly to the feedthrough to reduce system noise. 
operated as a coulometer, using capacitive feedback. 
El  through E4, a Keithley 610 B electrometer was used and an input-tube 
grid-current d r i f t  correction was applied which never had to exceed 57, of the 
15 ohms. A Keithley electrometer is connected 
The electrometer is 
In the first four runs, 
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ELECTROMETER 
Figure 3. Cartesian Cross Configuration for Cleavage and ,Charge Measurement 
8 
peak to valley charge difference. In the second four runs, E5 through E8, a 
Keithley 640 Electrometer was used with a guarded electrometer probe and 
except for run E5, no drift correction was required. 
Experimental operation w a s  as follows. 
motion feedthrough, upon which the sample was mounted, was locked in place. 
After UHV was  attained the rotary 
A binocular microscope w a s  used to ass i s t  in positioning the anvil under the 
crystal ,  and the chisel into a notch in the sample. 
applied to the sample by means of modified C clamps attached to the anvil 
and chisel manipulators. 
chisel extension control knob slightly, which increased the pressure to the 
required amount. 
the sample apart .  
the electrometer probe moved into position. 
and the angular position measured by the voltage output of a belt driven, 360" 
potentiometer. 
a Leeds and Northrup two channel recorder .  
itself was movable, the charge distribution over the entire surface was 
obtained as a group of curves of charge density versus the angle of rotation 
at constant radius from the center of the crystal .  These were transformed 
into polar coordinate plots of an a r r ay  of lines of constant charge density 
on the crystal  face. 
Pressure  w a s  
Cleavage was th6n obtained by rotating the 
Cleavage occurred by the side faces of the chisel wedging 
After cleavage, the anvil and chisel were withdrawn and 
The sample was  then rotated 
The sample charge and angular position were recorded with 
Since the electrometer probe 
The guarded electrometer probe penetrated a guard plane consisting of a 
partially transparent electrode deposited on a glass flat. The probe was 
fabricated by depositing a chromium film overlaid with gold on a glass slide 
with a 5 mm diameter window in the center. 
slide to protect the film, a hole w a s  drilled ultrasonically to accept a 
0 .  5 mm diameter electrode. 
a semi-transparent gold film deposited on the window. 
electrical  conductivity to form a guard plane for the electrometer yet permitted 
accurate probe location relative to the crystal  surface. 
probe a r e a  was decreased relative to the one used with the Keithley 
Model 610B electrometer during the early runs, a Keithley Model 640 
Electrometer was used with the guarded probe, because of its three orders  
of magnitude greater sensitivity. 
After attaching another glass 
The glass cover slide w a s  then removed and 
This provided good 
Since the effective 
9 
Problems with the mechanical stability of the probe were encountered ear ly  
during the year .  
several  centimeters, and by adding a thrust  bearing to the linear motion 
control a r m .  
These were resolved by shortening the electrometer arm 
2 . 3  GAS-TYPE EFFECTS 
Measurement of gas effects in the discharge of the electrostatic charges on 
vacuum cleaved insulators was accomplished by measuring the variation in 
charge distribution as the probe was held fixed, the c rys ta l  rotated, and 
the pressure  increased. 
pheric a r e  N 02, C 0 2 ,  andHZO. 
The gases used to ra i se  the presssure  to atmos- 
2' 
Data were recorded on the two channel L & N  recorder:  
on the red channel and the system pressure  or  the c rys ta l  rotation angle from 
the 360" potentiometer on the black channel. t o r r ,  
a nude Byard Alpert gauge was used. 
gauge was used and the output compared for  consistency with the Bayard- 
-5 Alpert gauge in the range between 10  and t o r r .  Two Granville 
Phillips capacitance gauges were added during the latter phases of the study, 
one with a range of 10  
1000 t o r r .  A gain overlap at 10-1 t o r r  was used for calibration comparison. 
Pr ior  to adding the low range capacitance manometer, p ressures  up to 3 t o r r  
were estimated by assuming that the leak rate  through the Varian variable 
leak valve was constant with time and could be extrapolated beyond 0 . 5  t o r r  
at which pressure  the mil l i torr  gauge saturated. 
The charge distribution 
In the range 10-l '  to 
-5 Between 10 and 0 . 5  t o r r  a mil l i torr  
- 2  to 10 t o r r ,  and the other covering pressures  up to 
10 
Section 3 
EXPERIMENTAL DATA 
3 . 1  SILICATE-METAL ADHESION AS A FUNCTION O F  METAL SURFACE 
STATE 
A total of eight successful runs was made. 
mechanically abraded metal  surfaces contacting vacuum cleaved silicates, 
the last four were for argon ion sputtered metal  surfaces contacting vacuum 
cleaved silicates. 
contact. 
The first four were for 
All  the adhesion measurements were made after touch 
3 .  1. 1 Run No. A l :  Microcline (001) and Aluminum Alloy (2024) 
The aluminum alloy was abraded for one minute at a system pressure  of 
3 .  5 x 10-l' to r r .  
top of the to r r  range occurred) and contacted with the aluminum two 
minutes after cleavage and thirteen minutes after completion of abrasion. 
An adhesion force of 2 x 10 
attractive force was present. 
duration of the experiment (17 hours). 
The microcline was then cleaved (a pressure  burst  to the 
2 dynes was measured. A definite long range 
The adhesion force remained constant for the 
3. 1. 2 Run No. A2: Orthoclase (001) and Titanium Alloy (6A14V) 
The titanium alloy was abraded for one minute at a system pressure  of 
2. 5 x 10-l' t o r r .  
5 x lom1' t o r r  occurred),  
cleavage and seven minutes after completion of abrasion. 
of 3 x 10 A definite long range attractive force was 
present. Also, during cleavage, the disk cleaved from the sample adhered 
to the side of the anvil and had to be removed with the chisel. The adhesion 
force remained constant for five hours at which t ime the titanium was 
re-abraded and the orthoclase cleaved again. First contact was made 
The orthoclase was then cleaved (a pressure  burst  to 
First contact was made three minutes after 
An adhesion force 
2 dynes was measured. 
11 
five minutes after cleavage and eleven minutes after the abrasion, 
adhesion force of 2 x 10 
was present. 
-10 cleaved. A pressure  burst  to 4 x 10 to r r  occurred during cleavage. An 
adhesion force of 5 x 10 
after cleavage and ten minutes after abrasion). 
tive force was present. 
remained constant for four days, at which t ime the run was terminated. 
An 
2 dynes was measured. A long range attractive force 
The titanium was then abraded once more  and the orthoclase 
2 dynes was measured (f i rs t  contact was four minutes 
Again, a long range at t rac-  
The adhesion and long range attractive force 
3. 1 .3  
The aluminum was abraded for one minute a t  a system pressure  of 2 x 10 
to r r .  
abrasion. N o  pressure  burst  occurred. First contact was made three 
minutes after cleavage. dynes was measured. 
This remained constant over the next hour, at which t ime the run was t e r -  
minated. 
-10 
The microcline was then cleaved four minutes after completion of the 
2 An adhesion force of 2 x 10 
A small  long range attractive force was present. 
3. 1.4 Run No. A4: 
The aluminum was abraded for one minute at a system pressure  of 1 x 10 
t o r r  (the system had previously been pumped to 5 x 10  to r r ,  backfilled 
with argon to 6 x 10 t o r r ,  and then re-evacuated). The orthoclase was 
then cleaved three minutes after the filing and contacted to the metal  sample 
two minutes later.  
a weak long range attractive force was present. 
remained constant, and marginally detectable, for ten minutes, at which 
time the run was terminated. 
Orthoclase (001) and Spectrographically P u r e  Aluminum 
-9 
- 10 
- 3  
2 
The adhesion force 
An adhesion force of about 10 dynes was measured and 
3. 1. 5 Run No.  A5: Orthoclase (001) and Spectrographically P u r e  Aluminum 
The system was evacuated to 8. 5 x 10-l' t o r r  and then backfilled to lo- '  torr  
with purified argon. The metal  sample was sputtered for 15 minutes 
a t  20 ma. 
system pressure  of 6 x 10  
sputtering. 
The ion pump was then turned on and the orthoclase cleaved at a 
-8 t o r r ,  eight minutes after the completion of 
F i r s t  contact was made two minutes la ter .  An adhesion force of 
12 
3 2 10 dynes was measured. This decreased quickly to 7 x 10 dynes, in  three 
2 minutes, and then more  slowly to 5 x 10 dynes over the next hour. There-  
after,  the force remained essentially constant until the run was terminated 
five hours later.  
out this period. 
A strong long range attractive force was present through- 
3.  1.6 Run No. A6: Orthoclase (001) and Spectrographically P u r e  Magnesium 
The system was evacuated to 5.6 x 10 
t o r r  with purified argon. 
about 50 ma. 
pletion of sputtering, a t  a system pressure  of 5 x 10 to r r ,  Contact was 
made six minutes after the cleave. An adhesion force of 2.2 x 10 
measured and a strong long range attractive force was present,  
force remained constant for 17 hours, at which t ime the run was terminated. 
-10 t o r r  and then backfilled to 2 x 
The metal  sample was sputtered for 15 minutes at 
The orthoclase was then cleaved twelve minutes after the com- 
-8 
3 
The adhesion 
dynes was 
3. 1. 7 Run No. A7: Orthoclase (001) and Titanium Alloy (6A14V) 
The system was evacuated to 2. 7 x 10 
to 2 x 10 
The orthoclase was cleaved 12 minutes after the completion of sputtering, at 
a system pressure  of 8 x 10 
made three minutes la te r ,  An adhesion force of 6 x 10 
and a small  long range attractive force was present. 
decreased very slowly to 3 x lo2 dynes over a period of 64 hours, at which 
t ime the run was terminated. 
-10 to r r  and then backfilled with argon 
-2 torr .  The metal sample was sputtered for 35 minutes a t  5 ma. 
-8 to r r .  Contact with the metal  sample was 
2 dynes was measured, 
The adhesion force 
3. 1. 8 Run No. A8: Orthoclase (001) and Aluminum Alloy (2024) 
The system was evacuated to 3.0 x 10 t o r r  and then backfilled with argon 
to 2 x 10 The metal sample was sputtered for 45 minutes at 2-3 ma. 
The orthoclase was cleaved 12 minutes after the completion of sputtering, at 
a system pressure  of 1 x 
irregular.  
An adhesion force of 1 .8  x 10 
attractive force was present. 
-10 
-2 to r r .  
to r r .  The cleavage surface was highly 
Contact was made with the metal  sample three minutes later.  
3 dynes was measured, and a strong long range 
The adhesion force decreased slowly to 
13 
3 1. 3 x 10 
24 hours a t  which t ime the run was terminated. 
dynes in  half an hour, and remained constant thereafter for 
3 . 2  SURFACE CHARGING 
Eight successful cleavages (Table 1) were made using four orthoclase 
crystals ,  some with multiple notches, 
given a s  a representative case of the variety of experimental data which is 
available. The remaining runs a r e  summarized, giving only the main 
ob s ervations of inter e st. 
A detailed analysis of run E l  i s  
3. 2. 1 Run No. E l  
A 5-mm diameter orthoclase crystal  was cleaved at 1. 5 x 10-l' to r r  in the 
b-axis direction on the (001)  basal plane. 
from the side of the crystal ,  immediately after cleavage registered a posi- 
tive charge relative to the precleavage state. 
increased spontaneously by a factor of ten to about 2 x 10 
( -  10 charges).  
The electrometer probe, 0. 5 mm 
After 15 seconds the charge 
-11 coulombs 
8 A s  the anvil and chisel were moved away from the c rys ta l  
Table 1 
ORTHOCLASE CRYSTALS CLEAVED IN UHV 
(001) Plane 
Run No. Crystal  No. Cleavage Direction 
El 1 co 1 03 
E2 2 [oio] 
E3 2 [oio] 
E4 2 r.0 1 01 
E5  3 [oio] 
E6 3 [oio] 
E7 3 [oio] 
E8 4 -- 
14 
the measured charge fluctuated and 2. 3 minutes after cleavage the 
electrometer went off scale positive, saturated the input, and the reference 
zero  was lost  when a new capacitor was inserted in  switching from the 10 
to 10-9 scale. 
-10 
Measurement of the charge distribution by rotating the crystal  while keeping 
the electrometer probe fixed showed that the relative charge distribution was 
quadrupolar in  shape. The more  negatively charged regions showed align- 
ment with the b-axis and the more  positively charged regions were aligned 
with the a-axis. 
although repositioning the probe changed the magnitude of the difference 
between the more  positive peak and the less  positive valley. 
i s  no doubt that the most positive regions were positively charged with 
respect to ground, the experimental resul ts  were inconclusive about assign- 
ing a negative or positive sign to the least  positively charged region. 
This orientation persisted throughout the experiment, 
Although there 
Between 30 and 70 hours after cleavage, the electrometer probe position was 
held fixed and periodic measurements made of the relative change in  the 
maximum charge difference. Within experimental e r r o r  the charge remained 
constant during this 40 hour period. 
ence in  charge of 8 x l o 9  charges (or a charge density of 40 esu/cm or  l e s s )  
when the tip of the probe was 0. 2 mm from the surface and 1. 5 mm from the 
center of rotation. 
I t  corresponded to a measured differ- 
2 
A test  of the mechanical electrometer probe showed it to be too sensitive 
with a 1-cm lever arm in that the attractive electrostatic force was suffi- 
ciently strong to pull the sphere into contact with the crystal. 
however, did not affect the total charge. 
deflected the spherical probe parallel to the surface and away from the 
crystal  center with respect  to a positively charged region. 
negatively charged region the probe was attracted towards the crystal. 
This contact, 
A positive bias on the probe 
When near the 
Mass spectra of the background gases in the system at 3 x 10-l '  showed the 
main components to be H20, COY and GO2. 
weight hydrocarbons were also present, the hydrocarbons having originated 
in  the spectrometer. 
N and various low molecular 2 
15 
Seven days after cleavage, the system was backfilled with a dry  
nitrogen-argon mixture (nominally dry nitrogen). 
increased to 8 x 10 to r r  and the ion pump turned off. 
r i s e  was then controlled by a bakeable UHV variable leak valve and the rate  
was held to approximately one decade of pressure  per 2 - 1 / 2  minutes. 
The pressure  was 
-5 The r a t e  of p ressure  
Figure 4 shows a plot of the peak to valley charge amplitude a s  a function of 
pressure.  No change in theamplitudewas observed from 10- lOto r r  to 
and hence this pressure  region i s  not shown. 
decrease pulse-wise a t  0 .014  tor r ,  0. 033 torr  and 0. 088 tor r .  
is r ea l  and i s  probably time dependent rather than pressure  dependent. 
t o r r  
The charge was observed to 
The curvature 
Figure 5 i s  a composite photograph showing the cleavage behavior of the 
orthoclase crystal. The cleavage started at the midpoint of the cleavage 
notch (top of photograph), radiated rapidly towards the sample edge followed 
by the main cleavage along the b-axis. 
upper edge showing how the cleavage direction rotated toward the direction 
of the b-axis. 
visible a s  a refractive index change. 
etching and Figures 7a and 7b a r e  electron photomicrographic replicas 
taken after etching which show the microperthite structure in somewhat 
greater detail. 
Figure 6a  i s  an enlargement near the 
The microperthite structure of the orthoclase is clearly 
Figure 6b i s  the same a rea  after acid 
Electron microprobe analysis of the elemental distribution in the orthoclase 
sample (along the cleavage surface) was car r ied  out, 
utilized. 
t races  a t  1-micron intervals were taken to determine the distributions of the 
elements Na ,  Ca, Si, Al, K, and Ba. Second, using a 50-micron beam 
diameter, an a r r ay  of composition determinations were made at points, 
500 microns apart, covering the entire surface of the crystal. 
for potassium and silicon a r e  shown in  Figures 8 and 9 respectively. 
Two techniques were 
Fir st, using a 2-micron beam diameter (nominally smaller) ,  step 
Distributions 
The microperthite analyses show that the etched regions in  the Figure 7 
electron photomicrographs, a r e  albite (Na, Ca  rich) exsolution regions in 
an orthoclase (K, Ba rich) host crystal. 
compositions vary anticoincidently, whereas the K and Ba concentrations 
Step scans show that the K and Ca 
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Figure 5. Composite Photomicrograph of the (001) Cleavage Surface of Orthoclase,Run No. E l  
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vary coincidently. 
oppositely to Ba. Finally, potassium and sodium vary anticoincidently. 
Similarly, Na  varies in the same directions a s  Ca but 
The la rge  a r e a  array,  Figures 8 and 9, gives the average composition since 
the 50-micron beam diameter i s  a reasonably good average over the micro-  
structural  elements which a r e  l e s s  then 8 microns wide. 
the composition i s  found to vary over the surface of the crystal  with the 
l ines of constant composition oriented almost along the b direction {compare 
F rom these a r rays ,  
with Figure 5). 
3 . 2 . 2  RunNo. E2 
The second orthoclase sample was notched 
along the a-axis, b-axis, and intermediate 
for cleavage in  three directions, 
to the two, to tes t  the relation- 
ship between the charge distribution, the cleavage direction and the crystal  
axes. 
strated that the crystal  could be cleaved successfully in  these directions. 
P r i o r  to mounting the sample in vacuum, a trial run in air demon- 
In this run, which started with cleavage in the intermediate direction at a 
pressure  of 3 x 10 
possible and kept fixed for the entire run so that the time history of the 
charge at a fixed radius could be measured without ambiguity. 
trometer registered a positive displacement upon cleavage even though the 
cleaved section of the crystal  was held securely to the remainder of the 
crystal  by the electrostatic attraction. After a few unsuccessful attempts 
to wedge the crystal  slab away with the chisel, the anvil was moved under 
the cleaved slab with the chisel held in the pre-cleavage notch. 
of the anvil and chisel moved the cleaved slab upward and out onto the anvil 
notch. 
line with the center of the base crystal ,  the slab flipped forward and adhered 
to the front face of the anvil along i t s  edge. Some time la ter ,  the crystal  
lay down on i t s  face a s  shown in Figure 10. During the course of the experi-  
ment (one month) the crystal  slab slowly moved down the face of the anvil 
until it came to r e s t  at the base. 
the anvil as seen in the photograph. 
-10 t o r r ,  the probe was moved into position a s  rapidly a s  
The elec- 
Movement 
As the anvil was lowered and the top of the slab crystal  came into 
The cleaved face of the wafer l ies against 
21 
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It took 10 minutes to dislodge the c ry  
anvil. The sample 
crystal  surface, an 
angle between t 
la ter  split into 
was moved into 
completed 13 min 
fixed for the r e s t  of the experiment. 
over the face 
Tracings of the charge distribution during the first three hours a r e  shown in 
Figure 11. 
given in  Figure 12. 
variation in adhesion force following vacuum cleavage, reported previously. 
The time history of the maximum peak to  valley amplitude i s  
Superimposed on this plot i s  an example of the time 
On the ninth day after cleavage, a UV mercury  light source was used to 
i r radiate  the sample through the Pyrex glass window (nominal cutoff a t  
3 0 0 0 i ) .  
continued to decline another 10% after the UV source was turned off, and 
then recovered the next day. 
cyclic drift in peak values through the day. 
used for 42 hours did not produce any significant change in charge 
distribution. 
The peak to valley charge ratio decreased by 30% after 24 hours, 
The cause of this variation was obscured by a 
A He-Ne laser  (6328i)  beam 
On 6 February 1968 the system was backfilled with dry N2 and the pressure 
in the system was raised to 0 . 3 5  to r r .  
the first a t  0. 16 tor r  and the second at 0. 33 to r r .  
re-evacuated to A redistribution of charge was then observed a s  
well as some recovery in the overall difference between the maximum peak 
and valley in the charge distribution. 
over that remaining just af ter  discharge at  0. 35 t o r r ,  is shown in Figure 13. 
On 7 February 1968 the sample was again discharged by admitting dry N2 to 
the vacuum system. 
Altogether, a ser ies  of eight discharge pulses were observed between 
0. 16 tor r  and 2. 55 tor r .  
with each successive pulse. 
Two discharge pulses were observed, 
The system was then 
tor r .  
This recovery, a twofold increase 
Table 2 summarizes  the discharge history on both days. 
The total charge collected by the probe decreased 
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Table 2 
PRESSURE AT WHICH DISCHARGE OCCURRED AND RELATIVE 
MAGNITUDE O F  DISCHARGE (RUN NO. E2)  
Date 
Pr e s sur  e at Dis charge 
( to r r )  
AQ of Probe 
(Coulombs) 
6 Feb 68 0. 16 > + 10 - 12, 
0 . 3 3  >+10-12:: 
7 Feb 68 0.43 
0.  58 
0 .  84 
1. 30 
1 .51 
2.55 
1 atmos 
-12  t 2 1 . 5  x 10 
,t10-12:: 
>+I 0-12, 
-1 2 
-12 
-12  
17 .7  x 10 
+6.0 x 10 
t 1 . 4  x 1 0  
None 
:::Too sensitive a scale,  off-scale. 
3.2.3 RunNo. E3 
This run represented the second cleavage of the orthoclase c rys ta l  used in 
run No. E2. 
1. 2 x 1 0  
previous run. 
Cleavage was done on 19 February 1968 at a pressure  of 
The cleavage notch was oriented at 60" to that in  the -9 to r r .  
The charge distributions for both'runs, Figures 14 and 15, were found to 
coincide when corrected for the angular position of the probe (note that the 
notch position in run No. E3 is such to eliminate the 135" positive lobe 
found in  run No. E2. After cleavage, the difference between the maximum 
peak and valley charge decayed relatively slowly (Figure 16). 
29 
Figure 14. Charge Distribution, Crystal Orientation and Crystal Strain of Orthoclase (OOl), Run No. E2 
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Figure 15. Charge Distribution, Crystal Orientation and Crystal Strain of Orthoclase (OOl), Run No. E3 
31 
c 
3 
3 
1 
3 
7 
0 
N 
0 
2 
0 
0 
A 
0' 
Ln 
0 
0- 
Ln M 
32 
On 14 March the system was raised to atmospheric pressure  with dry  
nitrogen. 
current  which reached a s  high as 15 t imes the electrometer tube grid cur ren t  
of 
pulses at specific crystal  orientations (the crystal  being rotated at a constant 
ra te  during this period). 
general decrease in the charge distribution was observed, the positive peak 
experiencing a smaller percentage decrease than the negative peaks. 
At 36 mill i torr  the electrometer probe began drawing a positive 
amps. This effect may also be interpreted a s  due to small  charge 
After the f i r s t  large discharge pulse occurred, a 
Massive discharges were observed at 0. 148 t o r r ,  0. 250 to r r ,  0. 360 to r r ,  
0. 470 to r r  together with three smaller pulses between 0.470 and 1. 0 t o r r ,  
and one or two above 1.0 tor r .  
tribution, after the second and third discharges, was practically identical 
(except for the scale factor) to the original distribution. 
It i s  interesting to note that the charge dis-  
3 .2 .4  Run No. E 4  
The orthoclase sample was cleaved in the third of three notches (runs E2 to 
E4) on 8 May 1968. 
from 2. 5 to 3. 5 x 10 torr .  The cleaved wafer adhered to the chisel. A 
dipolar-type a r r a y  of charge was present. 
charge difference was observed similar to that found in  run E3. On 6 June 
1968 the probe scraped the surface completely changing both the magnitude 
and the charge distribution. 
pressure.  
had reached 0 .2  to r r .  
A pressure  burst  was observed, raising the pressure  
-10 
A slow decay in  peak to valley 
The system was then brought up to atmospheric 
The f i r s t  plasma discharge occurred when the system pressure  
The samples were removed from the vacuum system and examined with the 
petrographic microscope in  reflected light. 
tive lobe of the charge distribution was oriented on the same side of the 
a-axis as the cleavage direction and the fracture lines, both of which were 
along the b direction. This can be seen in  Figures 14, 15 and 17 in which 
the lobe pattern for run E 4  i s  oriented 180" from those in runs E2 and E3. 
Superimposed on the graphs a r e  the observed regions of strain. 
labeled F were on the front face on which the charge distribution was 
measured, and those labeled B were f rom the mating side of the cleaved 
wafers. 
It was found that the large posi- 
Those 
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Figure 17. Charge Distribution, Crystal Orientation and Crystal Strain of Orthoclase (0011, Run NO. E4 
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3.2.5 RunNo. E5 
The third orthoclase crystal  was cleaved 4 October 1968 at 6. 8 x 
using the guarded electrometer probe and the Keithley 640 for the first t ime 
successfully. A dipolar -type charge distribution was again present. After 
the usual decrease of peak to valley charge difference, the charge distribu- 
tion was measured for different radii f rom the center of the crystal  outward. 
The entire c rys ta l  face was found to be negatively charged with respect  to 
f ree  space, with a sharp negative peak near the edge, Figure 18, centered 
about -22" f rom the +a crystal  direction. 
had been inserted into the system. 
the spectrometer was present. 
crystal  such that the potential gradient between the center and the edge of the 
crystal  doubled over the gradient before the spectrometer was turned on. 
t o r r  
A quadrupole mass spectrometer 
I t  was found that a negative current  from 
This cur ren t  changed the net charge on the 
3. 2.6 Run No. E6 
The third crystal  was cleaved a second time on 12 November 1968 at a p r e s -  
sure  of 5 x 
The electrometer regis tered a slightly negative going pulse but when the 
electrometer a r m  was brought up into position over the edge of the crystal ,  
the 10 volt scale had to be used. 
charge distribution measurements were made and the resul ts  are summarized 
in Figure 19. 
E5 and E6 are  given in Figure 20. 
location a s  in run E5 (i. e . ,  -23" from the +a crystal  direction) whose magni- 
tude was 100 t imes greater  than in run E5. 
positive peak was observed, diametrically opposite to the negative peak, 
forming essentially a dipolar distribution, 
to r r .  The cleavage direction was the same as in run E5. 
Two days later a group of concentric 
Photomicrographs comparing the cleavage surfaces of runs 
A negative peak appeared in the same 
In addition, a relatively broad 
3.2.7 RunNo. E7 
The last cleavage in  crystal  No. 3 was made on 27 November 1968. 
diagonal fault parallel  to the b direction intersects  the cleavage face. 
relatively complex pattern was obtained which has not been transformed into 
a polar coordinate plot. 
but there a r e  no obvious relations between the valleys in  runs E5 and E6 
and this run. 
A 
A 
The charge density was again in the 3-Volt range 
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Figure 18. Charge Distribution and Crystal Orientation of Orthoclase (0011, Run No. E5 
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(CHARGE DENSITY IN 
UNITS OF 3 x IOm1* COULOMBS) 
Figure 19. Charge Distribution and Crystal Orientation of Orthoclase (OOl), Run No, E6 
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3.2.8 RunNo. E 8  
On 17 January 1969 an orthoclase c rys ta l  was cleaved at 
notch was shallow and the crystal  cleaved near the collar on a cylindrical 
face. 2 
admitted and the pressure  raised. 
were recorded and the charge density amplitude decreased. This continued 
to the 3-5 to r r  range where the electrometer noted a steady discharge cu r -  
rent. It is safe to assume that the surface resist ivity of the electrodes had 
decreased due to H 0 adsorption to a point that ionic conductivity was 
observable. 
t o r r ,  The 
The distribution was basically dipolar. After stabilization H 0 was 
At l e s s  than 100 to r r  discharge pulses 
2 
3 .3  GAS-TYPE EFFECTS 
The experiments with gases a r e  summarized in Table 3.  
Paschen breakdown, a s  the pressure  was raised into the 0. 1 to r r  p ressure  
range, was observed in  all  cases  except for CO in run E7. In this la t ter  2 
case,  the surface charge remained stable up to atmospheric pressure.  
Table 3 
EFFECTS OF GAS TYPES 
Run No .  Electrode Gas Effect 
El  
E 2  
E3 
W i r e  
Wire 
Wire 
NZ-A Discharge pulses 
NZ-A Discharge pulses 
Discharge pulses O2 
E4 W i r e  Ai r  Discharge pulses 
E5 
E6 
E 7  
E8 
Ground 
plane 
Ground 
plane 
Ground 
plane 
Ground 
plane 
A i r  Discharge pulses 
Discharge pulses O2 
c02 Minor discharge 
Discharge pulses H2° 
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Section 4 
DISCUSSION 
4 .1  SILICATE-METAL ADHESION AS A FUNCTION O F  METAL 
SURFACE STATE 
Our previous studies have indicated that the pr imary contributor to adhesion 
between vacuum cleaved silicates, af ter  touch contact, is electrostatic 
surface charging produced by the cleavage. 
strated that vacuum cleaved silicates would adhere to contaminated (oxide 
layer present) metal  surfaces and that this adhesion (touch contact) is  also 
produced by surface charging. The magnitude of the adhesion force in these 
latter instances is estimated to have been in excess of 10  dynes (the weight 
of the adhering fragment). 
cleaved silicates w i l l  adhere to metals of varying surface state, and that this 
adhesion, after touch contact, is also probably due to silicate surface charg- 
ing. The adhesion force found for  abraded or sputtered metals in contact 
with vacuum cleaved silicates w a s  of the same order of magnitude as that 
between vacuum cleaved silicates, and between these and contaminated 
metal  surfaces.  Additionally, a long range attractive force w a s  invariably 
present,  whose strength, on a qualitative basis, w a s  proportional to the 
observed adhesion force. 
to metal  adhesion, after touch contact, is independent of metal  surface state,  
and that i t  i s  produced primarily, if not entirely, by electrostatic surface 
charging of the silicate. 
tion of a load force remains for future studies to determine. 
Additional observations demon- 
2 
The present studies have revealed that vacuum 
It is hence concluded that vacuum cleaved silicate 
Whether the same would hold true after the applica- 
4 . 2  ELECTROSTATIC CHARGING 
In previous reports a number of possible sources of electrostatic charging 
have been enumerated. 
gradients, s t ra in  induced piezoelectric effects, and defect motion. Tribo- 
electric effects have not been discussed since the experimental cleaving 
Among these have been impurity o r  composition 
41 
technique used does not involve frictional motion. 
dielectric and mechanical anisotropy a r e  a complicating factor in the mineral  
silicates. 
Non-linear effects due to 
One of the most interesting experimental finding to date is the reversa l  of 
direction of the positively charged lobe in run E4 (Figure 17) on reversing the 
cleavage direction (right to left) from runs E2 and E3. 
this is a spurious experimental result, but i t  will nevertheless be checked. 
The cause of this reversa l  is not presently c lear ,  though it could be asso- 
ciated with crystal  s t ra in .  
relationship in the charge distribution when the cleavage direction was 
changed in the same crystal ,  Figures 14 and 15, strongly suggests that 
cleavage involving brittle fracture produces a surface electric charge dis- 
tribution which depends mainly on non-uniform polarization and bulk 
crystallographic properties rather than the apparent notch cleavage direction. 
Further convincing support i s  found in the charge density maps (Figures 18 
and 19) of runs E5 and E6 which a r e  reported here  for the f i r s t  time. The 
negative pole at the edge of the crystal  is found superimposed in these two 
cleavages of crystal  3 .  The hundred fold increase in the charge density from 
the f i r s t  to the second of the two cleavages suggests that the crystal  polariza- 
tion from the charge density of the f i r s t  cleavage enhanced the charge density 
and distribution produced by the second cleavage. 
conjugate positive peak in the second cleavage, run E6, is also consistent 
with this viewpoint. 
It is unlikely that 
Observation of the persistance of the angular 
Appearance of the 
Two additional points a r e  worth note. First, in every case studied with the 
electrometer, the cleaved wafer adhered to the mating crystal  face. 
anvil and chisel were used to dislodge the wafer forcing it to adhere to either 
the anvil or chisel by an induced image charge in the metal  surface. 
The 
It 
then could be moved away, exposing the cleaved surface of the crystal  held 
fixed in the UHV rotary feedthrough collar for electrostatic charge dis- 
tribution measurements.  
silicate surfaces will adhere to contaminated (oxidized) metal  surfaces. 
Indications of this had been obtained previously in several  of the adhesion 
runs reported in prior reports.  Second, Figure 1 2  shows an apparent 
This gives direct  evidence that vacuum-formed 
42 
striking correlation between adhesion force and charge magnitude. 
indicates that the observed adhesion, even that present shortly after cleavage , 
i s  due primarily if not entirely to surface charging. 
This 
It would hence be of 
interest  to apply load force to vacuum cleaved silicates to see what effect 
this has on the adhesion magnitude. 
Electrical  conductivity is playing an important role a s  seen both in the magni- 
tude and in the change of shape of the distribution, Figure 11. 
mainly during the f i r s t  hours after which the decay i s  very much slower. 
The sharp break in the curve at the end of an hour suggests that two or  
more  phenomena a r e  involved. Although surface conductivity i s  normally 
considered a fast  process ,  the background gas can contribute significantly 
to the observed discharge. 
hour to have a monolayer of gas strike the surface. 
strongly suggests that surface reaction with high energy sites i s  producing 
charge neutralization by polarization or ions which can migrate and 
neutralize charge s i tes .  When the surface reactive si tes a r e  filled, the 
surface i s  "passivated" and the remaining charge i s  stabilized. 
This happens 
-10 At 3 x 10 torr  i t  takes approximately one 
This correlation 
Ultraviolet light can cause the observed decrease in charge by one of three 
processes:  
0 
0 Photoelectric emission from the chamber walls. 
0 Photoconductivity in the crystal .  
Photoelectric emission from the crystal  surface. 
Further experimental work i s  required to clarify the mechanisms. 
an important problem with respect to the stability of electrostatic charges 
on the lunar surface or in space since photoelectric emission can act  a s  a 
charge stabilizing force whereas photoconductivity w i l l  dissipate the charge. 
The stability of the charge for over 20 days in vacuum demonstrates the 
slowness of the spontaneous discharge process.  
This is 
Stability of the charge up to lo- '  to r r  shows that in relation to the initial 
surface interactions , the surface is passivated. The discharge pulses at 
pressures  ranging from 100 to 1000 to r r  is consistent with gaseous break- 
down being responsible f o r  the discharge process. Sample calculations give 
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6 estimates of the fields to be 10 
self-quenching plasma breakdown sparks should recur  a s  the pressure  
increases.  This is a complicated, geometry dependent process. With the 
wire probe, a ser ies  of energy limited discharges were always observed. 
The relatively sharp edges tended to produce high fields which enhance 
corona breakdown. The guarded plane electrode, on the other hand, tended 
to reduce the maximum field strength. 
volts/meter and in the same pressure range 
A number of other effects were observed. 
of field strength was observed after each discharge. 
rubbing the surface with a metal  a l ters  the charge distribution. 
For example, a gradual recovery 
Another effect was  that 
If a corona 
discharge is induced, then the original charge distribution i s  recovered but 
a t  a lower charge density. 
Volume electrical resistivity is the main factor in the long term persistance 
of the charge distribution in these experiments. An immobile, volume 
distribution of charge is strongly suggested by (1) the charge recovery effects 
discussed above (thought to  be surface phenomena) which reexpose volume 
charges to the probe (releasing electric field lines into the vacuum) and 
(2)  the recovery of the original charge distribution after discharging the 
secondary surface effects introduced by scraping the surface of the crystal  
with the probe. 
In previous reports the origin of the apparent surface charge was attributed 
to complex electrical  interactions between composition gradients, point 
defects, and dislocations. 
to E4, i t  was found that perthite structures were present,  Figures 5, 6, 
and 7. 
space charge in dielectric crystals.  
For  the orthoclase crystals used in runs E l  
These a r e  small  compared to the expected characterist ic length for  
Therefore the internal polarization 
fields produced in this case, would be expected to be the result  of gradients 
in the average composition (Figures 8 and 9). In run El alignment with the 
observed lobe pattern for the charge w a s  found. It should be noted that both 
a r e  oriented relatively closely to the crystallographic axes. However, this 
is believed to be fortuitous in that the composition gradient-axes orientation 
is a function solely of crystal  growth whereas the charge orientation results 
from the interaction between the concentration gradient charge distribution 
and the dielectric coefficient ellipsoid of low symmetry crystals.  
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The discharge process i s  interesting in that the probe invariably goes 
positive. 
a negative image charge a t  the probe tip. 
electric vector is parallel  to the surface. 
tion that discharge, when i t  can be distinguished, seems to occur prefer- 
entially when the probe is in a region in which the charge density is changing 
rapidly with the crystal  angle. 
This would occur i f  the probe tip collects positive ions to neutralize 
Another possibility is that the 
This is supported by the observa- 
4.3 GAS-TYPE EFFECTS ON ADHESION 
The Paschen discharge mechanism which controls the dissipation of the 
electrostatic charges is highly geometry dependent. 
ionize a t  the ten mill i torr  level and discharge the surface. 
from to to r r ,  gas adsorption wi l l  discharge a portion of the sites. 
There i s  no conclusive evidence thus far whether the discharge is just surface 
adsorption and dipolar shielding o r  ionization and surface conductivity 
neutralization, except in the case of H 0 where adsorption produced a dis- 
charge current in the electrometer probe in the 0 . 1  to 1 . 0  torr  pressure 
range. 
surface would occur and discharge the electric field around the crystal .  
However, all gases w i l l  
In the range 
2 
It seems likely that an equivalent conductivity on the crystal  
In run E7, with C 0 2 ,  the charge density apparently remained almost 
unchanged up to atmospheric pressure.  
result  of three effects: C 0 2  has a relatively high maximum breakdown 
potential, the guarded electrometer probe tends to reduce the field com- 
pared with the wire probe and the charge density gradients were lower than 
in previous runs.  
This can be rationalized by the 
One important effect which has been found i s  that a surface which i s  partially 
discharged by corona discharge slowly recovers some of its initial charge 
by reevacuating the system to 1 0-9  t o r r .  
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Section 5 
SUMMARY 
Studies were made during the past  year to investigate: the effect of metal  
surface state upon the adhesion between UHV cleaved sil icates and metals;  
the nature and causal mechanisms for the observed charging of UHV cleaved 
sil icates;  and the effects of various gases upon adhesion phenomena. 
surface states considered were sputtered and mechanically abraded surfaces .  
The surface charging question was approached by measuring charge dis- 
tributions and magnitude with an electrometer probe, the surface composi- 
tional variations with an electron microprobe, and the surface defect profile 
by etching followed by microscopic observations. The gases utilized for  the 
study of gas effects were N 2 ,  G O 2 ,  O2 and H20.  
surface charge was monitored during admission of these gases.  
Metal 
The magnitude of the 
It  was found that: 
1. The adhesion between UHV cleaved sil icates and metals,  after touch 
contact, was independent of metal surface state and w a s  produced 
principally, if not entirely, by surface-charging of the silicate. 
Measurement of charge distribution maps on cleaved orthoclase 
demonstrate reproducible orientation of the charge peak relative 
to the crystallographic axis and previous state of polarization. 
The direction of cleavage (*b), which is almost independent of the 
angle between the b axis and the perpendicular to the cleavage 
notch, affects the sign of the charge on orthoclase. 
Introduction of N2, 0 2  and H 2 0  into the system causes surface 
discharge and disappearance of the adhesion at pressures  above 
0. 1 to r r .  
2 .  
3 .  
4. 
GOz i s  much l e s s  effective. 
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